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Abstract 


A new ceramic-based multi-component material, containing one electronic conductor (Y-substituted SrTiO3, SYT), one ionic conductor (YSZ) 
and a small amount (~5 vol.%) of Ni catalyst, was investigated as an alternative anode material for solid oxide fuel cells (SOFCs). The ceramic 
framework SYT/YSZ shows good dimensional stability upon redox cycling and has an electrical conductivity of ~10 S cm~! under typical anode 
conditions. Owing to the substantial electrocatalytic activity of the fine and well-dispersed Ni particles on the surface of the ceramic framework, the 
electrode polarization resistance of 5 vol.% Ni-impregnated SYT/YSZ anode reached 0.21 Q cm? at 800°C in wet Ar/5%H). Based on these results, 
a redox-stable anode-supported planar SOFC is expected using this anode material, thus offering great advantages over the current generation of 


Ni/YSZ-based SOFCs. 
© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


An anode-supported planar design is favored by many solid 
oxide fuel cell (SOFC) developers since it allows the operating 
temperature to be reduced to the range of 700-800°C whilst 
retaining the same power density as electrolyte-supported cells 
at 950°C [1]. This will in turn increase the cell lifetime and allow 
costs to be reduced by using less expensive interconnect mate- 
rials. In the state-of-the-art anode material, a Ni/YSZ cermet, 
the nickel does not only serve as a good catalyst for fuel oxi- 
dation, but also as a good current collector. To ensure sufficient 
current collection, the nickel content is usually over 35 vol.% 
to form a percolation path for electron transport. However, the 
nickel component of the anode may be reoxidized in a com- 
mercial SOFC system due to situations such as seal leakage, 
fuel supply failure or system shutdown or possibly even very 
high fuel utilization. Thus cyclic reduction and oxidation (redox 
cycling) of the anode is likely to occur during commercial SOFC 
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operation. The reduction and oxidation of Ni is accompanied by 
large volume changes, which may cause fracture either of the 
anode itself or of its adjacent component, the thin electrolyte 
layer [2-5]. The use of a reducing purge gas [6] can prevent the 
anode from being oxidized, but this will also increase system 
complexity and cost. Therefore this approach is not attractive, 
especially not for small-scale residential CHP (combined heat 
and power) systems. Another possible solution is to optimize the 
microstructure and/or Ni content in the present Ni/YSZ anode 
material. However, this can only alleviate the problem to a very 
limited extent as long as Ni has to take on the role of electronic 
conduction in the electrode [7,8]. Therefore, it is desirable to 
develop alternative anode materials that are dimensionally sta- 
ble upon redox cycling while maintaining good electrochemical 
performance as Ni/YSZ anodes. 

Ceramic oxides with significant electronic conductivity are 
considered as good candidate materials since they have gener- 
ally good dimensional stability upon redox cycling. Therefore 
ceramic oxides with various crystalline structures have been 
investigated as alternative anode materials [9-15]. However, few 
of them exhibit both good electrochemical performance and high 
electronic conductivity. Some oxides, e.g. Nbo.67Tio.330245 [9] 
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and La-substituted SrTiO3 [10,11], are very good electronic 
conductors (>20 S cm™!), but exhibit very poor electrocatalytic 
activity for fuel oxidation, possibly due to the lack of significant 
ionic conductivity in these materials [9]. Some oxides, e.g. doped 
ceria [12,13] and (Lag.75Sro.25)1~—xCro.5Mno,503_5 (0 < x < 0.1) 
(LSCM) materials [14,15], show fairly good electrocatalytic 
activity at least for the oxidation of hydrogen, but their electronic 
conductivity is only in the order of 1Scm~! under operating 
conditions, which is two orders of magnitude lower than that 
of the state-of-the-art Ni/YSZ material. In fact, even for these 
materials, their electrocatalytic activity is still lower than the 
Ni/YSZ material and needs to be further improved, especially 
with respect to the oxidation of methane. 

To improve the electrocatalytic activity of ceria-based 
anodes, Primdahl and Liu [16] and Uchida et al. [17] incorpo- 
rated a small amount (<10 vol.%) of Ni catalyst into the ceramic 
framework and found it very effective. Liu et al. [18] added 
another ceramic component, forming a three-component mate- 
rial, Lag.gSro.2Cro.3Mng.203_3—Ceg,9Gdo,1 O1.95—Ni, in which 
Lag.gSto.2Cro.gMng203_5 acted as an electronic conductor 
and Ceo,9Gdo,1O;.95 as an ionic conductor while 4wt% Ni 
is necessary to obtain good catalytic activity for hydro- 
carbon oxidation. However, this composite anode material 
has an electrical conductivity of well below 1Scm7! [18] 
under anode conditions due to the insufficient electrical 
conductivity of Lao.gSro.2Cro.gMno.203_3 in reducing atmo- 
spheres. The electronic conductivity of the p-type conductor 
Lao.gSro.2Cro.gMno.203_3 is ~8 S cm7! inair [18], and it should 
be appreciably lower (roughly by one order of magnitude) in 
reducing atmosphere like (La,Sr)CrO3 [19]. As a reference, the 
material Lag.75Sro.25Cro.5Mno,503_5 has an electrical conduc- 
tivity of 38Scm! in air, but only 1.5Scm7! in Ar/5% Ho 
at 900°C [15]. The relatively low electrical conductivity of an 
anode material would necessitate the addition of an appropri- 
ate current collector, and may also hinder the electrochemical 
reaction kinetics. 

In the present work, we adopted a very good electronic con- 
ductor, yttrium-substituted SrTi03 (SYT), as one component of 
the anode in order to improve its electronic conductivity and 
also to facilitate the electrochemical reactions. Compared with 
LSCM, SYT shows much higher electrical conductivity under 
anode conditions. With a nominal yttrium content of 7—10 at.%, 
the electrical conductivity of SYT can reach 20-100Scm7! 
at 800°C [20,21]. In addition, SYT shows very small chemi- 
cal expansion upon redox cycling (see below). YSZ was then 
combined with SYT to supply the ionic conduction path, and 
additionally a small amount of Ni catalyst was incorporated 


into the two-phase ceramic network to enhance the catalytic 
activity. The composition and function of each component in 
this multi-component ceramic-based anode is summarized in 
Table 1. 


2. Experimental 
2.1. Sample preparation 


Dense electrolyte (8 YSZ) substrate pellets (@ 20mm and 
~2mm thick) were prepared by uniaxial pressing of commer- 
cial YSZ powder (Tosoh TZ-8Y) and sintering in air at 1500 °C 
for 10h. SYT (Sro.93 Yo,97TiO3) powder was prepared by the 
Pechini method [22] and was reduced in Ar/4%Hp2 at 1300°C 
for 12h before use. 

Two methods were used to incorporate Ni into the electrodes. 
In the first method, the SYT/YSZ paste was applied onto one 
side of the YSZ substrate by screen printing. The paste was 
prepared with the aid of a three-roll mill using 6% ethyl cellulose 
in terpineol as a binder. After de-binding in air at 700°C, the 
electrode was then sintered in Ar/4% Ho at 1200—1300°C for 
3h to form a porous ceramic framework with ~40% porosity. 
The sintering was performed in reducing atmospheres in order to 
retain the high electronic conductivity of the pre-reduced SYT 
phase. Subsequently, the pores were impregnated with nickel 
nitrate (Ni(NO3)2-6H2O, Fluka) solution followed by thermal 
decomposition at 800°C to form nickel oxide. The process of 
impregnation and decomposition was repeated until the desired 
level of Ni loading was obtained. In the present study, three and 
six cycles was required to incorporate 5 and 10 vol.% of Ni into 
the porous electrodes, respectively. 

In the second method, NiO powder with an average par- 
ticle size of 10-20nm (Sigma-Aldrich) was directly mixed 
with SYT/YSZ by ball milling and then applied onto the YSZ 
substrates by screen printing, followed by sintering in Ar at 
1200-1300 °C for 3 h. Here Ar instead of Ar/4% Hz was used as 
the sintering atmosphere in order to avoid the reduction of NiO to 
Ni, thus minimizing any possible high-temperature coarsening 
effect associated with metallic Ni. At the same time, compared 
with sintering in air, Ar was also expected not to facilitate the 
oxidation of SYT. The composition and preparation of various 
samples investigated in the present work is listed in Table 2. 


2.2. Characterization 


The crystal structure of SYT was determined by powder X- 
ray diffraction (XRD) with Cu Ky radiation (Siemens D5000). 


Table 1 

Explanation of the multi-component ceramic-based anode in this work 

Component number Material Content (vol. %) Properties Roles 

1 Y-substituted SrTi03 40-50 High electronic conductivity; negligible Electronic conduction/current collection 
dimensional change upon redox cycling 

2 YSZ 40-50 Considerable ionic conductivity; Tonic conduction 
negligible dimensional change upon 
redox cycling 

3 Ni 0-10 High catalytic activity for fuel oxidation Catalyst 
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Table 2 
List of samples prepared and characterized 


Sample code Composition (vol. %) 


Method of Ni addition Sintering conditions 


ZrTi-1200 
ZrTiSNi-1200-IMP 
ZrTilONi-1200-IMP 
Zr TiSNi-1300-IMP 
ZrTilONi-1200-MIX 


SYT:YSZ= 50:50 
SYT:YSZ:Ni = 47.5:47.5:5 
SYT:YSZ:Ni = 45:45:10 
SYT:YSZ:Ni = 47.5:47.5:5 
SYT:YSZ:Ni = 45:45:10 


= 1200 °C in Ar/H2 
Impregnation 1200°C in Ar/H2 
Impregnation 1200°C in Ar/H2 
Impregnation 1300°C in Ar/H2 
Mixing 1200°C in Ar 


The thermal and chemical expansion behavior of SYT and 
SYT/YSZ composite was measured using a push-rod dilatome- 
ter (Netzsch DIL 402C) with heating and cooling rates of 
3K min7!. The de four-probe method was used to measure the 
electrical conductivity of SYT and SYT/YSZ composite. 

A three-electrode configuration schematically shown in Fig. 1 
was adopted to characterize the electrochemical property of the 
anode. The active electrode area is 1 cm”. Pt was used as the 
counter and reference electrodes. Gold mesh together with a 
small amount of gold paste was applied on top of the working 
electrode as current collector. Gold rings were used for seal- 
ing on both sides. The atmosphere at the working electrode was 
wet Ar/5% Hz or wet H (here “wet” means that the gas is 
saturated with water vapor at room temperature). Oxygen was 
used at the counter and reference electrodes. Electrochemical 
impedance spectroscopy (Impedance Spectrum Analyzer, IM6e, 
Zahner Meßtechnik) was used to measure the electrode polariza- 
tion resistance under open circuit conditions. Selected samples 
were also measured under anodic polarization conditions. The 
observed open circuit voltages were in good agreement with the 
electromotive forces at various temperatures. Impedance spectra 
were recorded over a frequency range of 100 kHz-—0.1 Hz with 
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Fig. 1. The three-electrode cell configuration used in this work. 


an ac amplitude of 10 mV. The gas flow rates were controlled at 
about 150 ml min™!. The microstructure of the electrodes was 
investigated by scanning electron microscopy (SEM, LEO Gem- 
ini 1530 and a Zeiss Ultra55) and energy dispersive X-ray (EDX) 
analysis. 


3. Results and discussion 


3.1. Physical properties of the ceramic framework 


(SYT/YSZ) 


The electrical conductivity of SYT depends to a very large 
extent on the preparation and processing procedures, i.e., the 
particular history of the sample [21]. Without applying a high- 
temperature (>1100 °C) reduction process, SYT does not show 
high electrical conductivity (>20 S cm7!) under typical anode 
conditions. Similar behavior was observed with La-substituted 
SrTiO} (SLT) [10]. At a measurement temperature of 1000 °C, 
SLT samples sintered in Ar/H2 at 1650°C showed an electri- 
cal conductivity of 80-360 S cm™!}, while the conductivity of 
those sintered in air is only of order 1—16 S cm~! under typical 
anode conditions. This behavior is considered to be related to the 
reduction/oxidation kinetics of transition of donor-substituted 
SrTiO3 between a reduced state (good electronic conductor) 
and an oxidized state (poor electronic conductor) upon the vari- 
ation of the oxygen partial pressure (p(O2)) [23]. Although 
highly reduced SYT exhibited an initial conductivity of over 
80Scm!, it degraded upon redox cycling [21], indicating a 
new equilibrium state (with lower electrical conductivity than at 
the initial state) being approached. Nevertheless, it seems that a 
stable value in the order of 20-30 S cm™! is attainable. Accord- 
ingly, the composite of SYT/YSZ (65/35 vol.%) displays a stable 
electrical conductivity of ~10S cm! under typical anode con- 
ditions, as shown in Fig. 2. It is still one order of magnitude lower 
than that of conventional Ni/YSZ cermet, but offers appreciable 
improvements over such materials as doped ceria or LSCM. 

To test the reactivity of SYT with YSZ, a powder mixture 
with equal mass of SYT and YSZ was co-fired at 1400°C for 
5h in Ar/4% H2. According to the XRD results, no impurity 
phase was observed after co-firing, indicating good chemical 
compatibility between these two materials. 

The thermal expansion coefficient of SYT is (11-12) x 
1076 K7!, which is close to that of YSZ ((10.6-10.9) x 
1076 K7! [24]). The chemical expansion of SYT at 830°C 
between wet Ar/4% Hz (p(O2)~ 107! bar) and Ar/20% O2 
is 0.13-0.15%. The composite of SYT/YSZ (65/35 vol.%) dis- 
plays even lower chemical expansion, i.e. 0.045% under the 
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Fig. 2. Variation of electrical conductivity of a SYT/YSZ (65/35 vol.%) ceramic 
composite over two redox cycles between wet Ar/4% Hp and air at 800°C. 


same experimental conditions, as shown in Fig. 3. As a ref- 
erence, the chemical expansion of Ceg.gGdp,201.9_s was also 
measured under the same experimental conditions and a value 
of ~0.17% was obtained. The chemical linear expansion of 
LSCM at 900 °C was 0.25-0.73% (0.8-2.2% volume expansion) 
between air and Ar/5% H> (p(O2) ~ 107?! bar) [15]. It should 
be noted that Ceg.gGdp 201 9s and LSCM show lattice expand- 
ing on going from oxidizing to reducing conditions, opposite to 
SYT. 

For an anode-supported planar SOFC, the expansion of the 
anode layer upon redox cycling will induce a tensile stress on 
the adjacent thin electrolyte layer. When the traditional Ni/YSZ 
cermet is used as the anode support, which is also called the 
anode current collector layer (ACCL), and an additional anode 
functional layer (AFL, with the same composition as ACCL 
but lower porosity than ACCL) is applied between the ACCL 
and the electrolyte layer, the expansion of ACCL/AFL upon 
redox cycling was found to be able to cause a strain of ~1% 
in the electrolyte layer, leading to electrolyte fracture [5]. Con- 
sidering a typical anode/electrolyte bi-layer structure (500 wm 
thick anode and 8 um thick YSZ electrolyte), and assuming the 
elastic modulus of the anode is 50—100 GPa, thermomechanical 
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Fig. 3. Thermal and chemical expansion behaviors of SYT/YSZ (65/35 vol.%) 
ceramic composite. The sample was first heated up to 1060 °C and cooled down 
to 820°C in Ar, then subjected to two redox cycles between wet Ar/4% Hz and 
Ar/20% Oz at 820°C, and finally cooled down to room temperature. 


calculations using the general equations given in [25] indicate 
that the electrolyte is able to withstand a chemical expansion of 
0.19-0.21% on the anode at 900 °C. In the calculation, mechani- 
cal parameters of the YSZ electrolyte at 900 °C were taken from 
the literature [26] (elastic modulus 155 GPa, flexural strength 
265 MPa). Therefore, a strain of 0.045% observed with the 
SYT/YSZ composite in this study is likely to be low enough 
to avoid electrolyte fracture due to redox cycling. 


3.2. Electrochemical performance and microstructures of 
SYT/YSZ/Ni anodes 


Examples of impedance spectra obtained for different elec- 
trodes at various temperatures are given in Fig. 4. One or two arcs 
are generally observed. All impedance spectra were fitted to the 
equivalent circuit LRs(RQ) (RQ)2, following the circuit descrip- 
tion codes defined elsewhere [27]. Here L is an inductance, R 
a resistance and Q a constant phase element. The inductance L 
is primarily ascribed to the leads, and a typical value is 1076 H 
for the present measurement system. The series resistance, Rs, 
is mainly ascribed to the ohmic resistance of the electrolyte. 
Each (RQ) subcircuit describes a limiting process contributing 
an impedance arc. For spectra that seemed to contain only one 
distinct arc, attempts to fit them with only one (RQ) subcircuit 
often led to poor goodness of fit. Therefore, all the impedance 
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Fig. 4. Typical impedance spectra of the electrodes investigated in wet Ar/5% 
Hp under open circuit conditions and at different temperatures. Numbers in the 
graph indicate the measurement temperatures in °C. The ohmic resistances were 
subtracted to compare only the polarization resistance. 
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data were fitted to the circuit LRs(RQ)1(RQ)2. The polarization 
resistance of the electrode, Rp, is defined as Rj + R2. In many 
cases R; and R3 cannot be determined separately with good cer- 
tainty due to the overlap of these two arcs. However, the total 
polarization resistance Rp can be determined with a good cer- 
tainty due to the well-defined low-frequency and high-frequency 
intercepts of the impedance spectra with the X-axis. In Fig. 4, 
ohmic resistances were subtracted from the impedance spectra 
to give only the polarization resistances for comparison. The as- 
obtained polarization resistances for all electrodes studied are 
plotted in Fig. 5 as a function of temperature. 

One of these electrodes (ZrTi5Ni-1200-IMP) was tested in 
both wet Ar/5% H2 and wet H2. No significant change of the 
electrode performance was observed. It seems therefore that the 
electrode performance is not limited by the gas diffusion or 
hydrogen adsorption on the electrode surface under the present 
experimental conditions. Other samples were only measured in 
wet Ar/5% Ho. 

The impedance spectra for selected samples were also mea- 
sured under anodic polarization conditions. No clear dependence 
of the polarization resistance on the anode potential (Ea) (or 
discharging current) was observed. For instance, for the elec- 
trode ZrTilONi-1200-IMP at 750°C (Fig. 6 a), the Rp at 
E,=—0.85 V is slightly larger than that under open circuit 
conditions (E,=—1.020 V). However, further increasing the 
anode potential leads to a decreased Rp. As a result, the Rp 
at Ea = —0.700 and —0.550 V is nearly the same as that under 
open circuit conditions. The electrode ZrTiSNi-1200-IMP shows 
similar behavior (Fig. 6b). Thus it is considered that the polar- 
ization resistance measured under open circuit conditions is 
quite representative for the characterization of the electrochem- 
ical performance of the electrodes under study. The following 
discussions are therefore based on these values. 

As expected, the electrode polarization resistance is signifi- 
cantly reduced with the addition of only a small amount of Ni by 
the impregnation method, demonstrating the catalytic role of the 
Ni particles. For instance, the Rp of 0%, 5% and 10% Ni-loaded 
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Fig. 5. Polarization resistances for all investigated electrodes listed in Table 2 as 


a function of temperature. All data were extracted from the impedance spectra 
obtained under open circuit conditions. The fuel gas is wet Ar/5% Ho. 
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Fig. 6. Effect of anodic polarization on the impedance spectra of the electrodes 


investigated in wet Ar/5% H2. The anode potential as well as the discharging 
current of the cell is indicated on the graph. 


SYT/YSZ anodes (heat treated at 1200°C for 3h in Ar/4% H2 
before Ni-impregnation) in wet Ar/5% Hp at 850 °C is 0.49, 0.17 
and 0.13 Q cm?, respectively. Fig. 7 shows the microstructure 
of these electrodes. In the Ni-free electrode (Fig. 7a), the YSZ 
phase and SYT phase are well interlinked, with mean grain sizes 
of 0.3-0.5 um and 1-2 wm, respectively. The larger grain size 
of the SYT phase could be caused by the high-temperature pre- 
reduction process. Fine and round Ni particles incorporated by 
the impregnation method can be easily identified in Fig. 7(b—d) 
due to their unique morphology. These are evenly dispersed onto 
the pore walls of the SYT/YSZ ceramic framework with parti- 
cle sizes of 50-100 nm, offering a large number of active sites 
for the hydrogen oxidation reaction. In addition, they are not in 
contact with each other, and are thus not expected to suffer from 
grain coarsening. With large free pore volume around them, the 
dimensional change of Ni particles associated with redox cycling 
will have no detrimental effect on the integrity of the fuel cell. 
Increasing the oxide electrodes sintering temperature from 
1200 to 1300°C offers further performance improvement. For 
instance, the Rp of a 5% Ni-loaded SYT/YSZ anode in wet 
At/5% H3 at 800 °C is reduced from 0.29 to 0.21 Q cm? when the 
sintering temperature is increased from 1200 to 1300°C. This 
could be ascribed to better contacts between neighboring grains 
G.e., SYT/SYT, YSZ/YSZ and SYT/YSZ) and better adhesion 
between the electrode and the electrolyte. The microstructure 
(Fig. 7d) shows an increased mean grain size of YSZ phase as 
the sintering temperature is increased. The grain size of SYT 
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Fig. 7. SEM micrographs of the electrodes after electrochemical measurements. (a) ZrTi-1200; (b) ZrTiSNi-1200-IMP; (c) ZrTi10Ni-1200-IMP; (d) ZrTi5Ni-1300- 
IMP; (e) ZrTi10Ni-1200-MIX. YSZ phase appears pale white, SYT phase grey and pores dark. Fine round Ni particles, attached to the pore walls, are visible in (b), 
(c) and (d) as compared with (a). They also appear slightly brighter than the YSZ phase. Ni particles in (e) are not so distinct from YSZ grains, but can be roughly 
distinguished according to their slightly greater brightness. One Ni particle is indicated by an arrow based on the EDX results. 


phase does not change significantly since it has already been 
pre-reduced at 1300°C for 12h before being mixed with YSZ. 
As a reference, a typical electrode polarization resistance 
(with gas conversion impedance [28] excluded) of a con- 
ventional Ni/YSZ cermet anode in wet Ho is in the order 
of 0.05-0.1 cm? at 1000°C, and 0.1-0.2 2cm? at 850°C 
[29,30]. Therefore, the electrochemical performance of the Ni- 
impregnated SYT/YSZ anodes studied in the present work is 
comparable with the conventional Ni/YSZ cermet anode. 
Unusual results were observed, however, for the electrodes 
prepared by the mixing method. The Rp of the SYT/YSZ/Ni 
anode containing 10% Ni (ZrTilONi-1200-MIX) at 850°C is 
as high as 2.2 Qcm?, even higher than the Ni-free electrode 
(ZrTi-1200). The microstructure of this electrode is shown in 
Fig. 7e, where Ni particles can only be roughly distinguished 
according to their slightly higher brightness than YSZ grains. 
Certainly, the particle size of Ni particles in this electrode is 


much larger than those in the electrodes prepared by the impreg- 
nation method. Although nano-sized Ni particles were used as 
the starting material, they were possibly severely agglomerated 
during the sintering process. A larger Ni particle size will lead 
to a smaller catalytically active area. However, this explana- 
tion alone is not convincing, because the performance of this 
electrode is even poorer than the Ni-free electrode. It should 
be noted that Ar instead of Ar/4% Hz was used as the pro- 
tective atmosphere during the sintering of this electrode. The 
electronic conductivity is likely to be reduced significantly after 
this high-temperature process due to the relatively high p(O2) 
of Ar (~107> bar), as compared to Ar/4% H2 (~107!5 bar at 
1300 °C) in which the material was pre-reduced. Another possi- 
bility is that Ni reacts with SYT as with SLT [31], also leading 
to decreased electronic conductivity of SYT. However, EDX 
results on a number of large SYT grains gave no clear evidence 
of Ni in the ceramic phase. Thus, the impregnation method is 
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considered to be superior to the mixing method in that it avoids 
any high-temperature co-sintering process of Ni/NiO with other 
components in the electrode. 


4. Conclusions 


A new ceramic-based multi-component material was inves- 
tigated in the search for alternative SOFC anode materials. This 
composite material consists of one electronic conductor (Y- 
substituted SrTiO3, SYT), one ionic conductor (YSZ) and a 
small amount (~5 vol.%) of Ni catalyst. The ceramic frame- 
work SYT/YSZ shows an electrical conductivity of ~10 S cm7! 
under typical anode conditions. Despite the low content of Ni, 
this anode material exhibits very competitive electrochemical 
performance, as compared with the state-of-the-art Ni/YSZ cer- 
met anode. For instance, a 5% Ni-impregnated SYT/YSZ anode 
shows a polarization resistance of 0.21 Q cm? at 800°C in wet 
At/5%H)p. One of the most attractive features of this material is 
the good dimensional stability of the ceramic framework upon 
redox cycling. In this structure, volume changes of the Ni par- 
ticles inside the pores of the ceramic framework will no longer 
cause any stress on the overall cell structure. Therefore an anode- 
supported planar SOFC using this anode material is expected 
to be redox-stable, which offers great advantages over the cur- 
rent generation of Ni/YSZ-based SOFCs. Further improvements 
can be achieved by, for example, the optimization of the elec- 
trode microstructure or the replacement of SYT/YSZ by other 
electronic/ionic conductors. 
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